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RNA-directed DNA methylation (RdDM)
RNA polymerase VThe Arabidopsis multidomain protein SPT5L/KTF1 (which has similarity to the transcript elongation
factor SPT5) associates with RNA polymerase V (RNAPV) and is an accessory factor in RNA-directed
DNA methylation. The zinc-finger protein SPT4 was found to interact with SPT5L (and SPT5) both
in vivo and in vitro. Here, we show that plants depleted of SPT4 relative to wild type display reduced
DNA methylation and the locus specificity is shared with SPT5L, suggesting a cooperation of SPT4
and SPT5L. Unlike observed for SPT5, no reduced protein level of SPT5L is determined in
SPT4-deficient plants. These experiments demonstrate that in addition to the RNA polymerase
II-associated SPT4/SPT5 that is generally conserved in eukaryotes, flowering plants have SPT4/
SPT5L that is involved in RNAPV-mediated transcriptional silencing.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction action of RNAPIV and RNAPV in establishing and maintainingIn plants, the RNA-directed DNA methylation (RdDM) pathway
can achieve the transcriptional silencing of transposons and
endogenous repeats. This process involves the generation of both
short and long non-coding RNAs that are synthesised by two
plant-specific RNA polymerases (RNAPs) termed RNAPIV and
RNAPV [1–6]. Usually, RNAPIV produces the precursors of 24-nt
siRNAs, which are bound by ARGONAUTE4 (AGO4) and interact
with long non-coding RNA transcripts of RNAPV. This results in
de novo DNA methylation of homologous genomic sites. Subse-
quently, activating histone post-translational modifications are
removed and repressive histone marks are added, resulting in the
formation of transcriptionally inactive heterochromatin [7–9].
Genetic screens and protein interaction studies identified a
variety of partly plant-specific, auxiliary factors that assist thetranscriptional silencing. One of these is SPT5L (also termed
KTF1) that was found to interact with RNAPV both in solution
and on chromatin [10–13]. SPT5L is conserved among flowering
plants [8] and displays structural similarity with the transcript
elongation factor SPT5 that occurs in all domains of life [14]. Both
proteins have an acidic N-terminal domain and share the NGN
domain and several KOW domains (Fig. 1A). However, SPT5L has
an extended C-terminal domain containing more than 40 WG/
GW repeats that was found to interact specifically with AGO4
[10,11], which is guided to target loci through base-pairing of asso-
ciated siRNAs with nascent RNAPV transcripts [15]. Since SPT5L
has also RNA-binding activity and can bind RNAPV transcripts
[11], it may support the recruitment of AGO4 to sites of RNAPV
transcription. Consistently, inactivation of SPT5L results in reduced
DNA methylation and repressive histone marks (H3K9me2) at
several loci, but the decrease in heterochromatin is less
pronounced than with mutants defective in RNAPV [10–13,16].
Thus, SPT5L in collaboration with AGO4 may stabilise the func-
tional RNAPV-complex and facilitate DNA methylation and the
formation of heterochromatin [7–9].
Typically, in eukaryotes the RNAPII-associated transcript
elongation factor SPT5 occurs as a heterodimer with the small
zinc-finger protein SPT4 and the interaction is mediated by the
NGN domain of SPT5 [14,17]. In Arabidopsis, two apparently
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Fig. 1. SPT4 is involved in DNA methylation sharing the locus specificity of SPT5L. (A) Schematic representation of Arabidopsis SPT5L and SPT5. Black boxes indicate Kyprides,
Ouzounis, Woese (KOW) domains, while the positions of acidic domains (AD), NusG N-terminal domains (NGN), C-terminal repeats (CTR) and WG/GW repeats are indicated.
(B and C) DNA methylation analysis of various transcriptionally silenced loci. Genomic DNA isolated from different genotypes was digested with the indicated methylation-
sensitive restriction endonucleases and the regions of interest (IGN5, IGN22, IGN23 and solo LTR) were amplified by PCR. Undigested DNA and regions containing no
recognition sites for the respective endonucleases (ACT2, IGN5) served as controls. DNA methylation analyses were performed in biological triplicates and representative
examples are shown.
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genes the generally expressed SPT5-2 is an essential gene, while
inactivation of the pollen-specifically expressed SPT5-1 did not
cause discernible phenotypic alterations [18]. Recently, the purifi-
cation and mass spectrometric analysis of affinity-tagged SPT4
from Arabidopsis cells revealed that as in other organisms
SPT4 interacts with SPT5 and (indirectly) with RNAPII. In addition,
SPT5L (and less markedly AGO4) were identified as interactors of
SPT4, and the N-terminal regions (containing the NGN domain)
of both SPT5 and SPT5L interacted specifically with purified SPT4
in vitro [18]. Therefore, it is conceivable that in plants additional
to the RNAPII-associated SPT4/SPT5 there is a SPT4/SPT5L complex,
which may be functionally linked to RNAPV [18,19]. Here, we have
tested this possibility and we provide evidence that SPT4 (in
collaboration with SPT5L) plays a role in RdDM.
2. Materials and methods
2.1. Plant material
Arabidopsis thaliana Col-0 plants as well as the T-DNA insertion
and RNAi lines were grown on soil in a phytochamber or on solid
MS medium in a plant incubator (Percival Scientific) at 16 h
photoperiods at 22 C [20,21]. The SPT4-RNAi lines (SPT4R3,SPT4R7) [18] and the insertion mutant lines spt5l-1
(SALK_001254C) [10] (also termed ktf1-1 [12]) and nrpe1-11
(SALK_029919, termed nrpd1b-1) [5] were described before.
2.2. DNA methylation analysis
Methylation of genomic DNA was analysed essentially as
described before [10,13]. Genomic DNA isolated from 14d old
plants grown on MS medium was digested with the restriction
endonucleases HaeIII, AluI, or AvaII (NEB), before the enzymes were
heat-inactivated. For PCR amplification the amount of genomic
DNA and the number of amplification cycles were tested in pilot
experiments to avoid saturating conditions. Typically, 5 ng of geno-
mic DNA were used and amplification with Taq DNA polymerase
(PEQLAB) was performed with 30 cycles, using primers described
before [13] that are listed in Table S1. PCR products were analysed
by agarose gel electrophoresis, stained with ethidium bromide and
visualised using a BioDoc Analyser (Biometra).
2.3. Immunoblot analysis
To prepare total protein extracts [22] Arabidopsis flowers were
ground in liquid nitrogen and the homogenate was resuspended















Fig. 2. In contrast to SPT5, the amount of SPT5L is not reduced by depletion of SPT4 as examined by immunoblot analyses. Flower protein extracts of Col-0, spt5l and SPT4R3
were separated by SDS–PAGE. After protein transfer onto the membrane, the membrane was cut horizontally and the upper part was reacted with antibodies against SPT5 (A)
or SPT5L (B) shown in the upper panels, while the lower parts of the membrane as loading control were reacted with an antibody against UAP56 (lower panels). The migration
positions of molecular weight markers (in kDa) are indicated on the left and the migration positions of the proteins bound by the respective antibodies are indicated on the
right. Arrows mark the bands of SPT5 and SPT5L of the Col-0 extracts and arrow heads mark bands that are detected in the SPT4R3 extracts, but that are absent in the Col-0
extracts.
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protease inhibitor cocktail). The extracts were centrifuged twice
(13.000g) at 4 C for 10 min before SDS loading buffer was added.
After separation by SDS–PAGE in 9% polyacrylamide gels proteins
were electrotransferred onto a PVDF membrane (Merck). The
following antibodies were used for the immunoblot analyses:
a-SPT5 [18], a-SPT5L Ab72 [10] and a-UAP56 [23]. Antibody bind-
ing was detected by chemiluminescence as previously described
[24].
3. Results and discussion
3.1. Reduced DNA methylation in plants deficient in SPT4
The observed interaction between SPT4 and SPT5L [18] and the
cooperation of SPT5L with the RNAPV complex [10–12] suggests
that SPT4 may play a role in transcriptional silencing. Therefore,
we tested whether SPT4 is involved in DNAmethylation at endoge-
nous sites known to be targets of transcriptional silencing. We
digested genomic DNA isolated from different genotypes with
methylation-sensitive restriction endonucleases and analysed the
regions of interest in the following by PCR amplification. In the
wild type (Col-0), due to DNA methylation the DNA is protected
from cleavage and efficient PCR amplification occurs with the
tested IGN5 and IGN23 loci (Fig. 1B). Because of the severe reduc-
tion in methylation, the DNA is cleaved by the restriction enzymes
and no amplification is seen with the DNA originating from nrpe1
(deficient in the largest subunit of RNAPV), while very weak ampli-
fication occurs with the spt5l DNA (deficient in SPT5L). A quantita-
tive difference in methylation between nrpe1 and spt5l at these loci
was seen before [13]. In addition, we analysed two independent
SPT4-RNAi lines (R3, R7) that show greatly reduced transcript
levels of both SPT4-1 and SPT4-2 [18]. With the DNA of both lines
compared to Col-0 clearly decreased methylation is detected, albeit
the reduction is not as strong as seen with nrpe1 and spt5l.
However, one should keep in mind that in the SPT4-RNAi lines
there are still SPT4-1/2 transcripts detectable. To test the
locus-specificity of this effect, we examined in addition IGN22
and solo LTR, as these loci are known to be methylated in a
RNAPV-dependent manner, but independent from SPT5L
[10,12,13]. Consistent with these findings, we observe relative to
Col-0 a severe reduction in methylation with nrpe1 and nodecrease with spt5l (Fig. 1C). Similar to spt5l, no reduction in
DNA methylation is seen with both SPT4-RNAi lines, indicating
that the impact of decreased SPT4 expression on RdDM is unlikely
to be the result of indirect down-regulation of RdDM component
genes. These experiments demonstrate that (i) SPT4 is required
for efficient DNA methylation and that (ii) it shares with SPT5L
the locus specificity for IGN5 and IGN23, but not IGN22 and solo LTR.
3.2. SPT5L levels are not reduced in SPT4-deficient plants
According to a previous transcript profiling analysis, the mRNA
levels of SPT5L (and NRPE1) are unchanged in SPT4R3 plants rela-
tive to Col-0 [18]. However, in both yeast and plant models, the
stability of SPT5 has been shown to depend on the presence of
wild-type levels of SPT4, suggesting that SPT4 is generally required
to stabilise the SPT5 protein in vivo [18,25]. Therefore, we exam-
ined whether in SPT4-R3 plants the level of SPT5L is reduced,
which could explain the defects of these plants in DNA methyla-
tion. Initially, total protein extracts were analysed by immunoblot-
ting using an antibody directed against SPT5 and as a loading
control an antibody against the nuclear RNA helicase UAP56. Com-
parable amounts of SPT5 were detected in Col-0 and spt5l, while in
SPT4R3 reduced quantities of SPT5 were detected (Fig. 2A), as
expected. Using an antibody against SPT5L, no specific signal was
observed in spt5l and comparable amounts of SPT5L were detected
in Col-0 and SPT4R3 (Fig. 2B), suggesting that SPT5L (unlike SPT5)
is not destabilised upon depletion of SPT4. However, when
compared to Col-0 additional bands are detected that react with
the SPT5L-antibody. Thus, a band migrating just above the SPT5L
band is seen in SPT4R3, which is absent in Col-0. Similarly, an addi-
tional band appears just above a degradation product migrating at
around 100kDa. The additional bands may originate from post-
translational modification(s) (e.g. phosphorylation) of SPT5L (but
not of SPT5) that occur upon depletion of SPT4. Since SPT4 likely
interacts with the NGN domain of SPT5L [18], we inspected the
amino acid sequence of the NGN domain (46% amino acid
sequence identity between SPT5L and SPT5-2). In SPT5L there are
four Ser/Thr residues within the NGN domain that are not present
in Arabidopsis SPT5-1 and SPT5-2 (Fig. S1). Two of them are gener-
ally conserved, non-phosphorylatable residues in SPT5 proteins
(Ser186 corresponds to an Ala in SPT5, except for Saccharomyces
cerevisiae SPT5 and Ser210 corresponds to a Gly in SPT5, except
K. Köllen et al. / FEBS Letters 589 (2015) 3254–3257 3257for Drosophila melanogaster SPT5). Interestingly, Ser186 is situated
within the binding interface of the SPT5 NGN domain and SPT4, as
determined by the crystal structure of the complex [26]. It should
be emphasised that in case SPT5L is modified upon depletion of
SPT4, the modification not necessarily takes place within the
NGN domain, but may occur in another protein domain. To clarify
the possible modification of SPT5L (and its potential functional
consequence) requires further experimentation, which may prove
difficult, as SPT5L is not an abundant protein and appears to be bio-
chemically quite unstable.
3.3. Conclusions
Our experiments indicate that SPT4 is a novel component of the
plant RdDM pathway. It is required for efficient DNA methylation
at various loci and it shares the locus specificity with SPT5L. In
view of the direct interaction between SPT4 and SPT5L [18] and
the interplay of SPT5L with RNAPV [10–12,15] this suggests that
SPT4 in association with SPT5L collaborates with RNAPV in estab-
lishing RdDM at certain genomic loci. In the SPT4-RNAi plants anal-
ysed here, the transcript levels of both SPT4-1 and SPT4-2 are
severely reduced [18]. The two genes are widely expressed and
code for 13.4kDa proteins that share 88% amino acid sequence
identity, suggesting that both the SPT4-1 and SPT4-2 proteins are
involved in the observed effects. Whether SPT4 stabilises the func-
tional DNA methylation complex or contributes to the recruitment
of additional factors, or acts by another mechanism remains to be
elucidated. However, it emerges that in addition to the RNAPII-
associated SPT4/SPT5 transcript elongation factor, which appears
to be conserved in all eukaryotes, flowering plants have the
SPT4/SPT5L factor involved in RNAPV-mediated RdDM.
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